Little is known about knee function after anterior cruciate ligament reconstruction in the vital activities of walking and stair use. Gait analysis was done on patients 6 months (n ‫؍‬ 8) and 12 months (n ‫؍‬ 9) after reconstruction of the anterior cruciate ligament. Paired t tests were used to compare the injured and uninjured knees. During level walking, the patients placed external flexion torques on their injured knees throughout midstance, indicating the absence of quadriceps avoidance gait. The peak external flexion torque (resisted by the knee extensor muscles) placed on the injured knee was significantly less than that of the uninjured knee when ascending stairs (at 12 months, 68.4 and 85.3 N-m in the injured and uninjured knees, respectively) and also when descending stairs (at 12 months, 70.8 and 81.7 N-m in the injured and uninjured knees, respectively). The injured knee produced significantly less power than the uninjured knee when ascending stairs, but this difference was not significant when descending stairs. These findings indicate that asymmetric gait patterns persisted up to 1 year after surgical reconstruction and were more pronounced during stair ascent and descent than in level walking. These results indicate that clinicians should include specific interventions targeted at improving knee function during stair use to restore normal function after anterior cruciate ligament reconstruction.
There has been considerable research into the body's functional adaptations to anterior cruciate ligament deficiency. Inverse dynamics analyses have estimated that 75% of patients with anterior cruciate ligament deficiency adopt a gait pattern known as quadriceps avoidance gait. 1, 4, 25 This pattern is characterized by a reduction in the applied flexion torque on the knee in favor of a constant external extension torque throughout stance phase. The applied extension torque is resisted by the knee flexor muscles, thereby requiring little or no force from the knee extensors. Electromyography has augmented this finding with authors describing increased activity by the knee flexors in the first 1 ⁄ 2 of a one-leg support stance 21 and during the swing-to-stance transition. 13 It has been proposed that decreased muscle activity of the vastus lateralis and gastrocnemius in combination with an increase in activity of the semitendinosus during the second 1 ⁄ 2 of stance would balance the moments in the sagittal plane and increase the posterior force acting on the tibia. 20, 24 Decreased activity of the vastus lateralis and increased activity of the semitendinosus will increase the flexor torque and pull the tibia posteriorly. Because there is increased flexor torque already, the gastrocnemius must produce less force to maintain the balance of torque. Changes in muscle synergy are thought to be adopted to reduce anterior displacement of the tibia. 3 Investigations of stair climbing by patients with anterior cruciate ligament deficiency and control subjects also have found differences in the external knee torques during stair descent 4 and stair ascent. 2 Findings have been explained by changes in the line of force of the patellar tendon when the knee is in varying degrees of flexion. 1 Gait analysis of patients who have had an anterior cruciate ligament reconstruction has not been as extensive as with patients who have anterior cruciate ligament deficient knees. DeVita et al 6 studied patients before anterior cruciate ligament reconstruction and again 3 and 5 weeks after surgery. Patients in that study were reported to be placing flexion moments on the injured knee throughout stance. This observation was different from data previously published on patients with anterior cruciate ligament deficiency 1, 4, 25 which reported quadriceps avoidance gait. Timoney et al 23 studied patients who had anterior cruciate ligament reconstruction 9 to 12 months after the procedure, and also identified external flexion moments throughout stance. At the 1-year followup, patients who had an anterior cruciate ligament reconstruction had differences in the midstance flexion moments of the injured knee as compared with control subjects. 19 There is one report describing stair ascent by patients after anterior cruciate ligament reconstruction 12 and a second report investigating plantar pressure distribution during stair descent, 15 but there are no reports in which knee function of patients with an anterior cruciate ligament reconstruction has been investigated while the patients did all three of these tasks. As stair ascent and descent require greater amounts of knee flexion and applied torque than level walking, these tasks could provide additional insight into the functional recovery of patients after anterior cruciate ligament reconstruction.
Gait analysis offers a means of studying subclinical differences in a patient's movement and the mechanical demands placed on the knee. The purpose of the current study was to conduct followup gait analysis of patients after anterior cruciate ligament reconstruction during level walking and when going up and down stairs to learn about the functional asymmetries after surgery. Patients were evaluated bilaterally at 6 and 12 months after surgery. The authors hypothesized that by 6 months after surgery there would be no significant differences in knee flexion, torque, and power between the injured and uninjured knees, and that this would be the case 12 months after surgery.
MATERIALS AND METHODS

Subjects
Patients who previously had anterior cruciate ligament reconstruction surgery were recruited for this investigation. Three orthopaedic surgeons participated in the study. Surgeon A did anterior cruciate ligament reconstruction using the technique described by Kennedy et al. 11 This technique consists of a ligament augmentation device (3M, Minneapolis, MN) with a small film of the patellar tendon. The tendon graft remains anchored at the tip of the tibial tuberosity. It is threaded through a tibial bone tunnel and then passed through the joint with an over-the-top technique and fixed with a lateral screw. Surgeons B and C did arthroscopicallyassisted anterior cruciate ligament reconstruction after harvesting a bone-patellar tendon-bone graft from the central Gait Analysis After Anterior Cruciate Ligament Reconstruction inserted through tunnels in the tibia and femur and fixed using interference screws or staples. Two groups were established: ACL-6 and ACL-12. Group ACL-6 was comprised of eight patients who had anterior cruciate ligament reconstruction and who were followed up 6 months postoperatively (6.4 Ϯ 0.5 months). Group ACL-12 was comprised of nine patients who had anterior cruciate ligament reconstruction who were followed up 12 months postoperatively (11.9 Ϯ 0.6 months). All participants signed written informed consent before participating in the study. Subject characteristics are shown in Table 1 . One patient who was included in the ACL-6 and ACL-12 groups damaged the anterior cruciate ligament in a traumatic event involving fracture of the tibial plateau. This injury required internal fixation and subsequent partial medial and lateral meniscectomies. One patient in the ACL-6 group had a partial lateral meniscectomy in conjunction with the anterior cruciate ligament reconstruction.
All patients were participants in a clinical trial of open versus closed kinetic chain exercise of the hip and knee extensors from 2 to 6 weeks after anterior cruciate ligament reconstruction. This training consisted of three sessions per week of resistance exercises and training of the knee flexors and hip abductors and adductors. Additional methods were included to treat pain and motion loss. After participation in the current study, exercise intensity and repetition were increased gradually by the attending physical therapist. Ongoing rehabilitation included proprioceptive training, knee bends, and jumping and landing on a miniature trampoline. Patients were allowed to run as early as 4 months after surgery. Supervised physical therapy typically continued until 3 months after surgery. Two subjects in Group ACL-6 and four subjects in Group ACL-12 attended supervised therapy for as many as 9 months to pursue competitive sporting activities.
Patients were asked to complete a modified Hughston Clinic questionnaire 8 to evaluate personal satisfaction with their injured knee. This questionnaire consists of 28 questions that are answered by checking a 10-cm visual analog scale. Questions required patients to quantify knee pain and swelling, and questioned their ability to do various activities from stair climbing to recreational sports.
Biomechanical Testing
Subjects were requested to do three repeated trials of level walking and ascending and descending stairs. The walkway was 10 m in length with a force platform located in the middle. The laboratory staircase consisted of four steps and had a tread length and rise height of 28.5 and 18 cm, respectively. Ground reaction forces were recorded at 200 Hz from a force platform (Model 4020H, Bertec Corporation, Columbus, OH) mounted in the floor during walking trials and later moved to the second step of the staircase. Three infrared cameras (MIE Medical Research, Leeds, UK) recorded three-dimensional positions of reflective markers placed over the fifth metatarsal, lateral malleolus, anterior surface of the midshank, lateral aspect of the knee, anterior surface of the midthigh and greater trochanter, and over the anterior and posterior superior iliac spines. Three-dimensional coordinates of the surface markers were measured at 50 Hz. The laboratory did not have the resources to collect bilateral position data simultaneously. To overcome this limitation, reflective markers were placed bilaterally on the subject, but data were collected only from one side at a time. Position and ground reaction data were used to calculate the angles and external torque, power, and work of the knee during stance phase. All angles, forces, and torques were determined using a three-dimensional model. Kinetic data (forces, torques) were standardized to subject body mass and height. Specific points were selected from the curves for statistical analysis (knee flexion at toe-off, midstance excursion angle, 22 peak extensor torque, and peak power). Midstance excursion angle is defined as the knee range of motion traversed from maximum flexion of the knee after heel strike to maximum extension before toe-off during level walking.
Data Analysis
Gait analysis scores were averaged over the repeated trials and these means were analyzed using With the Bonferroni adjustment, the critical value of 0.05 was lowered from 0.05 to 0.007, 0.01, and 0.01 for walking, upstairs, and downstairs, respectively, based on the number of variables tested within each task, but the nominal significance level is used in the presentation of the results. Because the two patient groups were not comprised of the same subjects tested at 6 and 12 months, no statistical comparisons were made between the two groups. However, linear envelopes of these biomechanical curves were constructed for qualitative inspection of knee biomechanics throughout stance in each leg and at each followup. Table 2 shows the patients' subjective assessment of the injured knee. From 6 to 12 months, there was general improvement in self-assessment scores, but both testing intervals indicated a wide range of responses. The mean scores resulting from these subjective questions improved from 4.1 to 2.4 on a scale of 0 to 10, from 6 to 12 months. At the 6-month followup no patients were participating in competitive sports, whereas at the 1-year followup, four of the nine subjects were participating competitively. The most common symptoms were pain, swelling, and stiffness, with most stiffness and swelling subsiding from 6 to 12 months. The tasks presenting the most difficulty were jumping, twisting, kneeling, and squatting; each showing improvement from 6 to 12 months. Going up and down stairs were reported by some individuals to present some difficulty, and going up stairs was more difficult than going down stairs.
RESULTS
Means and standard deviations of the biomechanical measures are shown in Table 3 . During walking at 6 months, the uninjured leg was slightly more flexed at heel strike and flexed through a greater midstance excursion Questions were extracted from the Hughston Clinic questionnaire 8 angle than the injured leg (Fig 1) . At 12 months, the midstance excursion angle at toe-off was greater in the uninjured leg. This was seen at 6 and 12 months. There was no significant difference between injured and uninjured knees for the peak external flexion torque on the knee (resisted by extensor muscles) at 6 months (0.30, standard deviation, 0.13; 0.35, standard deviation, 0.12 in the injured and uninjured knees, respectively). The same was seen at 12 months (Fig 2) . There was little difference in the means of biomechanical measures during stair ascent between patients in the 6-and 12-month groups (Table 3) . Statistically significant asymmetries were found for stair ascent in the amount of knee flexion at toe contact (Fig 3) , external flexion moment (Fig 4) , and concentric power with the injured leg showing reduced values for each of these variables. For example, external flexion moments at 6 months averaged 0.52 (standard deviation, 0.14) and 0.75 (standard deviation, 0.21) in the injured and uninjured knees, respectively. The difference between limbs in this variable at 12 months was significant even after the Bonferroni adjustment. The analysis of stair descent showed a pattern of symmetric normalization of biomechanical parameters from 6 to 12 months. Knee flexion at the conclusion of stance was less in the injured leg when compared with the uninjured leg at the 6-month test, but this difference no longer was present at 12 months (Fig 5) . The peak external flexion moments were significantly different between knees at both tests (the injured and uninjured knees averaged 0.47 (standard deviation, 0.11) and 0.65 (standard deviation, 0.11) at 6 months, respectively), but the mean difference was less at the 1-year tests (Fig 6) . Although not significant, the difference between 16 (5) 16 (7) 14 (8) 15 ( Knee flexion at toe contact (Њ) 8 (5) 11 (6) 9 (8) 10 ( External knee moments during the stance phase of stair ascent at 6 (n ϭ 8) and 12 months (n ϭ 9) after anterior cruciate ligament reconstruction are shown. The solid lines represent the mean of the uninjured knee; dotted lines represent the mean of the injured knee; external flexion moments indicate a net torque by the extensor muscles; and (ଝ) indicates where statistically significant differences were found between the peak external knee flexion moment of the injured and uninjured knees (p Ͻ 0.05). BM: body mass; HT: height the peak eccentric power by the knee extensors and the amount of energy absorbed in the injured and uninjured knees tended to be greater in patients in the 6-month group than in patients in the 12-month group (Table 3) .
DISCUSSION
The rule of thirds has been used to describe anterior cruciate ligament injuries: "One third of the patients with this injury will compensate adequately and be able to pursue recreational activities, one third will be able to compensate but will have to give up significant activities, and one-third will do poorly and will probably require future reconstructive surgery." 16 One of the main objectives in anterior cruciate ligament reconstruction is to prevent degeneration of the knee. Radiographs of knees with unreconstructed anterior cruciate ligament deficiency have indicated that these knees often experience progressive degeneration with time. 5, 7, 9, 10, 14, [16] [17] [18] 20 Gait analysis of patients with anterior cruciate ligament deficiency has shown that the injured knee experiences different loads than a normal knee while walking and stair climbing. 4 Patients who have a knee with anterior cruciate ligament deficiency adopted a gait strategy that encouraged muscle activity in the knee flexors throughout the stance phase of level gait and increased extensor forces during stair ascent. Despite a relatively developed understanding of knee function in anterior cruciate ligament deficiency, minimal research has been done of the kinematics and loads applied to the knee with anterior cruciate ligament reconstruction during activities of daily living. This is of interest because clinicians would like to be able to observe whether gait patterns normalize after anterior cruciate ligament reconstruction and, eventually, whether the surgery reduces the incidence of long-term deterioration of the knee. Three studies have addressed functional adaptations of the knee occurring within the first year after anterior cruciate ligament reconstruction. 6, 19, 23 Within 5 weeks after anterior cruciate ligament reconstruction surgery, patients were placing consistent external flexion moments (which are resisted by the knee extensors) on their injured knee during level gait. 6 Between 9 and 12 months it again was observed that there was a net external flexion moment during most of stance 23 (indicating a return to normal gait patterns), but differences in knee kinetics still exist between patients with anterior cruciate ligament reconstructions and control subjects. 19 The current study of level gait confirmed that there was an external flexion moment during midstance and that quadriceps avoidance gait was not present after anterior cruciate ligament reconstruction. The average torque and power experienced by the injured knee during level walking were smaller than those of the uninjured knee but these differences were not statistically significant, except in the external flexion torque at 12 months. The lower peak kinetic values in the injured knee may be related to its smaller midstance excursion angle.
This investigation is one of the first to report on gait analysis of stair ascent and descent after anterior cruciate ligament reconstruction. To the authors' knowledge, this is the first Comparing data from this study with previous studies is complicated by different normalization schemes used by the investigators, specifically the choice to normalize to a patient's height or their leg length. With ascending stairs, other investigators have reported flexion torques of 58 N-m in patients 8 weeks after anterior cruciate ligament reconstruction 6 and 92 N-m (6.7% body weight multiplied by height) in patients with a deficient anterior cruciate ligament. 4 In the current study, maximum flexion torque was approximately 70 N-m (0.57 body weight multiplied by height) in the injured knee 12 months after surgery when ascending stairs. With descending stairs, Berchuck et al 4 reported a maximum flexion torque of 104 Nm (7.6% body weight multiplied by height) in patients with a deficient anterior cruciate ligament. This is larger than the value of 70 N-m (0.59 body mass multiplied by height) reported in the current study for the injured knee 12 months after ligament reconstruction. Differences between these studies are likely attributable to different pathologic features (deficient knee versus reconstructed knees) and different marker placements on the patients during testing. The current authors identified statistically significant differences between the injured and uninjured knees. These differences are characterized by considerably less torque being placed on the injured knee and less power production at that knee. There was little observed difference between the stair ascent data at 6 and 12 months, indicating that patients are likely to reach their peak knee performance in stair ascent within 6 months after surgery. The functional adaptation of placing lower loads on the injured knee after surgical reconstruction may be attributable to reduced quadriceps strength in the injured leg, lack of confidence in the knee, and mechanical changes in the extensor mechanism, or pain associated with the choice of graft site. There was a trend toward side-to-side equalization of knee kinetics during stair descent by 12 months. Unlike stair ascent, the patients' ability to fully use the injured knee during stair descent was improved from 6-months to 12-months after surgery. This difference may be attributable to numerous reasons with the time from surgery the most likely cause. Other reasons for this change in performance from 6 to 12 months may be differences between the groups in surgery method and rehabilitation program, but this is unlikely because of the patient sample coming from the same subject pool. From a clinician's perspective, if these differences are attributable to time, it may be appropriate to apply training methods, perhaps with an emphasis on eccentric muscle contraction, to improve the patient's ability to descend stairs at least until 12 months after anterior cruciate ligament reconstruction. Such a course may hasten the knee's return to normal mechanical function. An intervention study to test the effectiveness of such a program should be done.
There are several limitations to the current study. One limitation is the small number of patients in each of the groups, although other published studies report on similar numbers of patients. One recognized factor that may confound these findings is the different reconstruction techniques used by the surgeons participating in this study. Finally, from a statistical perspective, it would have been beneficial to include the same patients in both groups and do a repeated measures analysis. However, this was not possible.
The patients participating in this study had wide variations in the self-assessment of their injured knees and this may reflect the expected variation in long-term results. Participants tended to report decreased swelling and knee stiffness from 6 to 12 months, and increased ability and confidence during sporting activities such as jumping and changing direction. These general improvements were mimicked in the functional outcomes resulting from the biomechanical analyses, except for stair ascent where there was little change in stair performance from 6 to 12 months. Patients with anterior cruciate ligament reconstructed knees do not have quadriceps avoidance gait during 
